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Abstract:

Three new monomeric phosphoranimines (PAs; R’-N=PR3) were synthesized by the Staudinger
route using 2-azido-1,3-dimethylimidazolinium hexafluorophosphate [ADMImPF] and various
phosphines to form their respective PA salts of triphenylphosphine (1), tri(n-octyl)phosphine (2),
and tris(2,2,2-trifluoroethoxy)phosphite (3). These PA salts have a cationic imidazolinium
moiety attached to nitrogen. Interestingly, 2 is a room temperature ionic liquid (RTIL) with a

melting point around -5°C and a viscosity of 740cP at 25.5°C. 1-2 show stability to moisture

exposure and atmosphere for weeks whereas 3 is not stable toward atmospheric moisture
undergoing decomposition to form 2-amino-1,3-dimethylimidazolinium phosphate (4). Thermal
analyses reveal that 1-2 are stable to 90°C under nitrogen, but 3 undergoes degradation by
exposure to moisture and/or elevated temperature. All compounds exhibit similar multinuclear
NMR chemical shifts as compared to their corresponding phosphine oxide counterparts.

However, their respective X-ray structure determinations indicate that 2 has an open structure



with the octyl groups that avoid the ionic charges, whereas 1 and 3 have tighter structural

packing of the hexafluorophosphate to their pendant groups.

Key words: Synthesis; Characterization; Phosphoranimine; X-ray crystal structure; Room

temperature ionic liquid

1. Introduction:

Phosphoranimines (PAs; Figure 1) are small molecule phosphorus-nitrogen compounds
that are common building blocks to make polyphosphazenes or cyclic phosphazenes.[1-4] These
materials have unique properties that range in a variety of membrane, biological, and electronic
applications,[5-8] and recently PAs were shown that they could be used as an additive battery
electrolyte in lithium-ion batteries.[9] Traditional PA chemistry has been used to generate
polymeric phosphazenes, where the PAs contain a trimethylsilyl- group at nitrogen (Figure 1)
and different phosphorus pendant groups, such as directly bound alkyl/aryl groups and a good
leaving group (chloro-, trifluoroethoxy- or phenoxy-).[3,7,10-12] Generally, heating these PAs
to 180-200°C results in condensation polymerization, and recent literature has shown that some
of their oligomeric intermediates can be isolated as ionic moieties even at ambient temperatures
in the presence of Lewis acid catalysts (e.g., PCls).[13-16] This polymerization has been studied
to determine the reactive intermediate compound (ionic PA) that sustains the living
polymerization at ambient temperatures.[15,16] Several different ionic PA intermediates were
characterized; however, the resulting ionic PAs are not stable towards atmospheric moisture and
will tend to degrade. Other PA compounds with a reactive imide ligand (hydrogen, halogen or

organosilane) can be transformed into a reactive intermediate that builds larger PA structured



compounds and metal complexes, such as the aza-Wittig reagents.[17-23] Interestingly, recent
research has shown similar ionic and non-ionic PA compounds can be used for polymerization
and depolymerization catalysts/co-catalysts of various organic condensation polymers, e.g.
depolymerization of polyesters using sterically hindered, strong PA Lewis bases.[24-27]

Most PAs without a P=N-P backbone (only P=N) structure are made by two common
synthetic strategies: Neilson method or Staudinger reaction.[3,11,28-31] The Neilson method is
the preferred synthetic route in making PA precursors, as it avoids the use of hazardous organic
azides, as well as the creation of unwanted by-products through P=N cyclization, and limits
phosphite or PA rearrangement products, such as alkyl phosphoramidates
((RO)2P(=0)NH2).[11,31,32] The disadvantage of the Neilson method is that it requires several
reaction steps followed by vacuum distillation to achieve a pure PA product. Also, because the
method produces products that tend to polymerize to yield polyphosphazenes, the Neilson
method is limited to producing moisture sensitive PAs with organosilanes at nitrogen. As the
oldest synthetic route to PAs, the Staudinger route comprises of a single step reaction between an
azide and phosphine where a variety of N and P pendant groups can be utilized to make unique
PA compounds.

Over the past decade, new interest in the Staudinger reaction has re-emerged through
“click” chemistries, such as azide fluorescent markers on biological materials or attachments to
polymer pendant groups.[33—-36] Several new organic azides from commercial sources not only
can be utilized for the Staudinger 3+2 “click” reactions, but they can also be used with
phosphines to make new PAs. In some cases, these organic azides are stable as purified solids,
e.g. 2-Azido-1,3-dimethylimidazolinium hexafluorophosphate [ADMImPF].[37-39] ADMImPF

can be used directly in the Staudinger reaction without needing to employ rigorous safety



precautions during the synthesis. The added azide stability is essential to the Staudinger method
and introduces new PA compounds which are not easily accessible by the Neilson method. We
report three cationic N-imidazolinium PA compounds that were synthesized by using
triphenylphosphine (TPP), trioctylphosphine (TOP) or tris(2,2,2-trifluoroethoxy)phosphite
(TTFP) with ADMImPF. All isolated PA products were characterized by multinuclear NMR and
single crystal X-ray diffraction, and the thermal properties and reactivity towards the atmosphere

and moisture were also characterized.

2. Results and Discussion

A series of monomeric PA salt products (Scheme 1 and Figure 2) with an
organophosphine (TPP, TOP or TTFP) and ADMImPF were synthesized by the Staudinger
method: P,P,P-triphenylphosphoraniminyl-N-1,3-dimethylimidazolinium hexafluorophosphate
[1], P,P,P-trioctylphosphoraniminyl-N-1,3-dimethylimidazolinium hexafluorophosphate [2], and
P,P,P-tris(2,2,2-trifluoroethoxy)phosphoraniminyl-N-1,3-dimethylimidazolinium
hexafluorophosphate [3]. These PA compounds can be a solid or liquid at room temperature,
depending on the pendant groups at phosphorus. PA 2 was the most interesting due to it being an

atmospherically stable room temperature ionic liquid (RTIL) with a viscosity of 740cP (25.5 °C).

Previous PA compounds by the Neilson and Staudinger synthetic methods focused on attaching
or creating ionic moieties at the phosphorus position, such as imidazolium halides,
organophosphines, and 4-dimethylaminopyridine;[40—-43] however, their PA products are not
commonly stable under atmospheric conditions for extended periods. Also, there are a limited

number of usable organic azide compounds, and the syntheses of PA compounds with a cationic



pendant group at nitrogen have not been explored by the Staudinger method. In the literature,
atmospherically stable PA compounds are formed as either (large) sterically encumbered
alkyl/aromatic PA compounds[11,44,45] or as various forms of ionic aromatic structures of
PhsP=N*=PPhs X" ([PPN]CI) with halogen anions,[20,43,46] giving the[PPN]CI structure its
stability and its charge distribution across the compound. Hence, the reported compounds 1-3
have the ability to distribute the charge across the PA structure through electron resonance

structures (Figure 3), which can enhance their stability for extended periods.

ADMImMPF is a commercial product that is available as a white powder. It is stable to
brief exposure to the atmosphere at room temperature. Thus, it is relatively simple to handle in
the laboratory and a good candidate for the Staudinger reaction. Even though, ADMImPF is not
completely soluble in toluene (as reported in the literature), the reported phosphines were able to
react with the azide in toluene without issues. In addition, toluene allowed for easier workup and

has a useful temperature range for these reactions.

All three new PAs form a yellow colored intermediate during reaction. 1 and 2 show
distinct color changes that dissipated over time as the azide reacted with the phosphine. It is
interesting that all three reactions at room temperature do not immediately react as the phosphine
was added, but further heating was required to yield PA products, such as 2 and 3. All PA
products were not completely soluble in toluene and tend to precipitate or oil out of solution
upon cooling to room temperature. Also, these compounds do not show water solubility. The
toluene solution was decanted or pipetted away from the products, where they were washed and
isolated from hexane solutions. The PAs that are solids could be purified further by common
recrystallization methods. In the instance of synthesizing compound 2, isolation was carried out

using hexanes, and the compound remained as an oily liquid at room temperature after solvent



removal. This product was placed into a freezer (-30°C), where prismatic crystals were

generated. All of the reported PA products were isolated and analyzed by multi-nuclear NMR,

thermal analysis, and single-crystal X-ray diffraction.

In Table 1, the multi-nuclear P-31 NMR spectra of 1-3 show that CFsCH20O- groups
contribute more electron density to phosphorus than the phenyl or octyl groups. When
comparing compounds 1-3 to their phosphine oxide precursors,[47] all compounds follow similar
trends in the chemical shifts; however, PAs 1-3 have slightly more electron density at
phosphorus resulting in a 12-17 ppm upfield shift. No differences in chemical shifts are
observed among the P-31 NMR spectra of the PFs counter ion to compounds 1-3, which would
be expected due to the overwhelming influence of local fluorines. Since 3 was not found to have
long term stability under atmospheric conditions, exposure testing was only performed on 1 and
2. These exposure tests were conducted in moisture conditions (~10wt% water in ds-THF;
Figures 4-7), and they were analyzed by P-31 and F-19 NMR to see if any degradation products
of the PA or PFs were produced over a period of several weeks. Over this time period, no
detectable aqueous decomposition products, which are phosphine oxides from 1-2 and
hydrofluoric acid formation from PF¢, are observed in 1 for either the P-31 or F-19 NMR spectra
after 14 days. But, 2 showed a small amount of phosphine oxide that increased from 0.6%
(initial) to 2.3% (29 days) by integration in P-31 NMR (upper left in Figure 6), and no
observable changes in the F-19 after 30 days. These NMR spectra show that water exposure is
not an immediate issue with 1 and 2 under these conditions; however, further studies will have to
be performed to understand if these compounds can be used in more aggressive conditions
(temperature, acidic pH, etc.). Overall, the combined results of exposure to water and

atmospheric conditions indicate that some of these ionic PA products can be exposed for long



periods without decomposing at ambient conditions. This is important for RTILs, such as 2,

which could be used in agueous/organic solvent conditions.

Determination of melting points and/or degradation for these ionic PA compounds was
performed using differential scanning calorimetry (DSC; see Figures 8-10). All thermal scans
were cycled down to -80 °C and held for 30 minutes to ensure that the compounds were solids
and at thermal equilibrium prior to determining their melting points. PA 1 showed a melting
point at about 185°C and crystallization at about 145°C upon the cooling return of the scan.
There is a slight difference in the melting point between the two DSC runs, but the crystallization
showed the same temperature. PA 2 is the RTIL that showed a small broad melting point at -5°C
that remained after the first heating cycle. The interesting point is that the compound does not
show a crystallization point on the cooling return of the DSC, but it does solidify during the 30-
minute hold at -80°C, which might flash-freeze the compound (amorphous solid structure) to
give a large -65°C melting point. The inflection points prior to the melting point could be due to
some variation in the crystalline and amorphous solid structures of 2. Data for PA 3 indicates
that the compound decomposed upon exposure of the atmosphere. When using the melting point
apparatus, crystals of 3 show a melting point at 97-98°C; however, the DSC indicates two
different compounds were present that had melting points at -45°C and at 95°C. The two
melting points indicate that 3 is not stable under atmospheric conditions or in thermocycling.
Scheme 2 illustrates a possible degradation pathway that yields the imidazolinium
hexafluorophosphate and the organophosphate(s). The resulting imidazolinium salt, 2-amino-
1,3-dimethylimidazolinium hexafluorophosphate (4), was later identified by X-ray
crystallography (see crystallographic data). The CFsCH.O- groups are known as good leaving

groups for the PA condensation polymerization; therefore, it is reasonable to assume that



decomposition of PA 3 initiates with loss of trifluoroethoxide. In addition, the X-ray structure of
PA 3 could not be well resolved as it crystallizes out as clusters of thin plates, which did not
yield the highest quality crystals. Consequently, the structural parameters are less accurately
determined. The data, however, can be considered as reasonable approximation of the
parameters. Crystallographic data collection and refinement parameters are given in Table 2, and

selected structural data are collected in Table 3.

In contrast, the crystallographic structures of 1 and 2 are well refined. These structures
together with that of PA 3 provide evidence that the ion pairing is observed with the
imidazolinium nitrogens or phosphorus (see Figure 3), but this might be due to crystal packing.
From Figure 3, there is a possibility of a resonance structure in these PA compounds where the
positive charge can be distributed from the imidazolinium nitrogens to phosphorus. The P-31
NMR spectra (Figure 6) show an electron poor phosphorus center containing the octyl groups
(2), and the phosphorus center becomes more electron rich when phenyl (1) and alkoxy groups
(3) are bound to phosphorus. However, when comparing the PA electron density between their
P-31 NMR spectra and the location of the PFg anion to PA to in the X-ray structures (Figures 11-
16), there is no clear spectral trend with the location of the PFs™ anion and the PA phosphorus
center. Even from the X-ray structural data, the ionic bond distances between the nitrogen atoms
of the imidazolinium cations and PFg” anions are at 3.456(1), 3.163(4) and 3.273(9) A,
respectively in 1-3. The PFg anions are within 0.3 A in proximity, indicating all have similar
ionic interactions. As shown in Figures 8, 10 and 12, the tight packing in 2 and 3 are also
reflected in their closest interionic contacts. The other remarkable feature in 1 is the close
proximity of the PFe™ anion to one of the phenyl groups and imidazolinium moiety with the

associated C---P (C20---P2) interatomic distances of 3.121(2) A. The most interesting feature of



crystal packing in 2 is that the three octyl groups are staggered and spread out laterally away
from the ionic moieties. This open crystal packing among the octyl groups (between 8 to 13 A)
probably allows 2 to have a low melting point as observed in DSC measurements. Similar to the
packing in 2, compound 3 also exhibits tight packing of ions. The three C-N bond distances in all
three PA’s are comparable and fall between typical C-N single and double bond distances (Table
2). The double bond across all three PA imidazoliniums is also nearly planar indicating possible
delocalization of a double bond across the N2-C1-N3 units and potentially the lone pair on N1.
The 2-amino-1,3-dimethylimidazolinium cation present in 4 also exhibits similar double bond
delocalization over the CN3s unit (Table 2) and close proximity with the anion (Figures 17 and
18). In addition, the C—N bond distances and N—-C—N bond angles in the cation are similar to the
corresponding distances in PA’s 1 — 3 indicating that the P=N double bond present in the latter
compounds do not significantly impact the nature of bonding within the dimethylimidazolinium

moiety.

From Table 4, the bond distances of a phosphorus-nitrogen bonds in an assortment of
compounds can range from a P-N single bond at 1.78 A to a P=N double bond at 1.54 A.[49]
In Table 3, various PA bond distances and bond angles measured in other studies are given along
with the PA compounds 1-3 which are reported here; however, compound 4 is a decomposition
product of 3. Both ionic and neutral PAs included in the table display a variety of phosphonium
(P-N) and phosphoranimine (P=N) bond distances and angles. The interesting point is that the
average P=N distance for phosphonium PA compounds[43] (Irmie) is about 1.63 A and 1-2 are
about 1.585 A; however, the P=N distance for phosphonium PA compounds[40-42] (Huynh)
and 3 have the shortest bond distances of ~1.50A. In all cases, the phosphonium PA salt P=N

bond distances suggest a bond character between a single and double bond. The closest



representative single bond phosphonium bond is with Irmie et.al.’s compounds.[43] The bond
distance differences between the ionic and neutral forms of PA compounds are not substantial;
however they reside closer to a double bond than a single bond in most cases. Therefore, it

suggests that the positive charge remains delocalized rather than localized on a single atom.

The R-N=P bond angles on these compounds show interesting trends, and the Huynh et.
al.’s PAs and PAs 1-3 have a large bond angle that is greater than 140° (more linear). The
MesSi- group contributes back n-orbital overlap to give a linear R-N=P bond angle, which is
shown with Huynh et. al.’s PA compounds with large bond angles from 144° to 166° and MesSi-
N=PPhs at 138°. This suggests that the imidazolinium group is interacting R-N=P bond to give
1-3 larger bond angles. However, Irmie et.al.’s PA compounds show smaller bond angles at
around 125°, which is caused by the substituted nitrogen and forcing the R-N=P to be bent.
Again, these bond angles and bond distances could be influenced by crystal packing, but there

are some trends that are different from other PA compounds.

3. Conclusions

Three new PA salts were formed by the Staudinger reaction using an ionic azide,
ADMImMPF. The reaction is straightforward in making the respective ionic PA products;
however, these PA products tend not to be soluble in toluene, hexanes or water. It is interesting
that the isolated PA 1-2 salts are not extremely reactive to air or moisture; however, the isolated
PA 3 salt decomposes upon exposure to the atmosphere. The remarkable feature of these
compounds is that 2 is an ionic liquid at room temperature. From P-31 and F-19 NMR, the

spectra shows that PAs 1-2 are stable towards water laden organic solvents for extended periods



without noticeable degradation products. In addition, thermal cycling of 1-3 by DSC shows that
1 and 2 are stable to 90 °C, but 3 decomposes into its corresponding phosphine oxide and
DMImPFe after one thermal cycle. The X-ray structure data of 1-3 reveal that the PFs anion
resides nearby the imidazolinium functional group. Also from the X-ray, crystals of 2 have an
open packing structure which can explain its RTIL behavior (m.p. -5 °C). When comparing the
X-ray structures of other known ionic PA compounds, it can be seen that the imidazolinum
interacts with the P=N bond resulting in larger than 140° bond angle at R’-N=P. Overall, 1-3 are
easily synthesized to form N-substituted ionic PA compounds without noted complications

commonly found using the Staudinger reaction.

4. Experimental Section
4.1. Materials and general procedures

The following reagents were obtained from commercial sources and used without further
purification: 2-Azido-1,3-dimethylimidazolinium hexafluorophosphate (ADMImPF; Aldrich),
triphenylphosphine (TPP; Aldrich), tris(2,2,2-trifluoroethoxy)phosphite (TTFP; Strem) and tri-n-
octylphosphine (TOP; Strem). House deionized (DI) water was purified by a Millipore 302
system that achieved an 18 MOhm rating and used directly. Anhydrous solvents, such as toluene,
tetrahydrofuran (THF) and hexane were obtained from Aldrich and used as received. Proton,
BC{H}, F{*H} and 3'P{*H} Nuclear Magnetic Resonance (NMR) spectra were recorded on a

Bruker Ascend Avance 111 600 MHz spectrometer.

4.2. ¥F{H} and *P{*H} NMR Moisture Exposure Experiments



NMR-based moisture exposure experiments were conducted on PA compounds, 1 and 2,
over a 29 day time frame. The solutions were made with 0.2-0.25 g of PA in 1mL of ds-THF
(Cambridge Isotopes) containing 10 wt% water (by solvent) in each NMR sample tube. A
polypropylene cap was used on the NMR tubes for the duration of these experiments. *°*F{*H}
and 3!P{*H} NMR spectra were periodically recorded to observed spectral changes in the

hexafluorophosphate and the PA compounds.
4.3 Differential Scanning Calorimetry (DSC) Data

Thermal analysis was obtained using a TA Instruments (NewCastle, DE) model Q200
Differential Scanning Calorimeter (DSC). For data collection, Tzero aluminum hermetic pans
were loaded with ~10 mg of sample and the temperature was cycled between -80 to 250 °C at a
rate of 5 °C, under a purge gas (N2) with a flow rate of 50.0 mL/min. Before cycling, the

temperature was held at -80 °C to ensure complete equilbration.
4.4 Crystallographic Data

The X-ray diffraction data for 1 — 4 were measured at 150 K on a Bruker SMART APEX
I1 CCD area detector system equipped with a graphite monochromator and a Mo Ka fine-focus
sealed tube operated at 1.5 kW power (50 kV, 30 mA). Colorless crystals were glued to a glass
fiber using Paratone N oil and the detector was placed at a distance of 5.13 cm from the crystal
during the data collection. A series of narrow frames of data were collected with a scan width of
0.5° in  or ¢ and an exposure time of 20 s per frame. The frames were integrated with the
Bruker SAINT Software package! using a narrow-frame integration algorithm. The data were

corrected for absorption effects by the multi-scan method (SADABS). Crystallographic data



collection parameters and refinement data are collected below in Table 1. Structures were solved

by the direct methods using the Bruker SHELXTL (V. 2014.11-0) Software Package.[53]

All non-hydrogen atoms were located in successive Fourier maps and refined
anisotropically. The PFe anion in 1 is well ordered, whereas those in 2 — 4 are disordered. The
disorder in 2 and 4 is modeled by assigning two sites for all of the F atoms and refining their site
occupancies with a free variable. The two sets of F atoms in 2 and 4 settle on occupancies of 64
and 36%, and 57 and 43%, respectively, leading to satisfactory overall refinement of the
structures. The disorder in 3 is modeled by assigning two sets of sites for four of the F atoms. A
free variable refinement of their site occupancies settle on 61 and 39%. The overall refinement of
this structure is poor owing to the poor diffraction of the crystals. However, the structural
parameters deduced are of sufficient quality. The disorder of the PF¢ anion in 4 All hydrogen
atoms were located and refined isotropically in the structures of 1 and 2. The hydrogen atoms
were placed in calculated positions for 3 and refined isotropically with fixed thermal parameters

adapting a riding model.

4.5 Synthesis of P,P,P-triphenylphosphoraniminyl-N-1,3-dimethylimidazolinium

hexafluorophosphate, (1)

A 50 mL two-necked, round bottom flask was equipped with a water condenser, gas inlet,
magnetic stir bar, and a rubber septum was purged with nitrogen. 10 mL of anhydrous toluene
was introduced into the flask by syringe, and then ADMImPF (2.0 g, 0.007 mol) was added
directly into the flask. The azide has limited solubility in toluene which makes a slurry. TPP
(1.9 g, 0.007 mol) is dissolve in 10mL of anhydrous toluene and the solution was added

dropwise by syringe into the flask. As the phosphine addition progressed, an intense yellow



color was observed during the reaction. Off gassing of nitrogen is observed as the reaction was
heated to reflux. The reaction was refluxed with monitoring for one hour and then allowed to
reflux overnight under nitrogen. The yellow color subsided as the reaction was refluxed
overnight. The reaction then was allowed to cool to room temperature, where the desired
compound precipitated as a white solid. Excess toluene was removed and the product was
washed twice with 30-40 mL of hexanes. The white solid was collected and re-crystallized in
tetrahydrofuran. The product showed no degradation in ambient atmosphere and upon exposure
to water at room temperature. [87% yield, m.p.= 185°C, 3!P NMR & (ds-Acetone) = (s) 13.0,
(septet, Jpr = 707.0Hz) -144.2; °F NMR & (ds-Acetone) = (d, Jpr = 706.0Hz) -72.6; 'H NMR &
(ds-Acetone) = (m) 7.81-7.90, (m) 7.73, (s) 3.70, (s) 2.78; *C NMR & (de-Acetone) = (s) 133.7,

(d, Jec = 10.6Hz) 132.4, (d, Jec = 12.1Hz) 129.7, (d, Jrc = 107.2Hz) 128.3, (s) 47.0, (s) 33.2].

4.6 Synthesis of P,P,P-tri-n-octylphosphoraniminyl-N-1,3-dimethylimidazolinium

hexafluorophosphate, (2)

A 50 mL two-necked, round bottom flask, water condenser equipped with a gas inlet,
magnetic stir bar, and a rubber septum was purged with nitrogen. 10 mL of anhydrous toluene
was introduced into the flask by syringe, and then ADMImPF (2.0 g, 0.007 mol) was added
directly into the flask. The azide has limited solubility in toluene which makes a slurry. TOP
(3.22mL, 2.6g, 0.007 mol) was added dropwise by syringe into the flask. As the phosphine
addition progressed, an intense yellow color was observed during the reaction resulting is a
yellow slurry. 20-30 minutes after the phosphine was added, the yellow color subsided and the
reaction was heated to near reflux. No apparent nitrogen off-gassing was observed as the
reaction was heated to reflux. The reaction then was refluxed overnight under nitrogen. Next

day, the reaction was allowed to cool to room temperature. Stirring was stopped and no phase



separation was observed. The reaction solution was filtered, collected and toluene was removed
by a flowing nitrogen gas stream. The product was washed thrice with 30-40 mL of hexanes,
and the remaining hexanes were removed from bottom phase by a flowing nitrogen stream. The
concentrate was dissolved in toluene where the remaining solids were allowed to settle and the
remaining solution was removed and concentrated by a flowing nitrogen stream. The resulting
product is a clear, colorless liquid. The product was stable in air and remains a liquid at room
temperature. The purified product slowly crystallizes in a freezer at -30°C to yield colorless,
clear prismatic crystals. [73% yield, m.p. = -5°C, viscosity = 740 cP at 25.5°C, 3P NMR & (de-
Acetone) = (s) 32.5, (septet, Jpr = 707.0Hz) -144.3; *°F NMR & (ds-Acetone) = (d, Jpr = 706.0Hz)
-72.6; 'H NMR § (ds-Acetone) = (s) 3.66, (s) 2.98, (doublet of triplets, Jpn = 6.0Hz, Jun = 8.4Hz)
2.24, (doublet of pentets, Jpn = 7.8Hz, Jun = 7.8Hz) 1.70, (pentet, Jun = 7.8Hz) 1.70, (m) 1.28-
1.42, (m) 3.45-3.51, (t, Jun = 7.8Hz) 0.90; 3C NMR § (ds-Acetone) = (s) 46.7, (s) 32.9, (s) 31.6,

(d, Jrc = 15.1Hz) 30.5, (M) 28.8, (d, Jec = 63.4 Hz) 27.0, (s) 22.4, (s) 21.6, () 13.4].

4.7 Synthesis of P,P P-tris(2,2,2-trifluoroethoxy)phosphoraniminyl-N-1,3-

dimethylimidazolinium hexafluorophosphate, (3)

Following the procedure as for PA 2, 10 mL of anhydrous toluene was introduced into
the flask by syringe, and then ADMImPF (2.0 g, 0.007 mol) was added directly into the flask.
TTFP (1.54mL, 2.3g, 0.007 mol) was added dropwise by syringe into the flask. As the
phosphine addition progressed, no color was observed during the reaction but remains as a
slurry. 20-30 minutes after the phosphine was added, no color was observed during the reaction.
No apparent off gassing (nitrogen) is observed and the reaction was left at room temperature
overnight under nitrogen. Next day, stirring was stopped and the white, powdery product was

allowed to settle. The product was collected by decanting the toluene and the product was



washed twice with 30-40 mL of hexanes. The powdery solids were dried by a nitrogen gas
stream overnight. The isolated product is moderately stable in air from days to weeks depending
on humidity. The product was recrystallized in boiling THF, and it is allowed to slowly cool to
room temperature. The final product forms colorless, clear prismatic crystals. [85% yield, m.p. =
97-98°C, 3P NMR § (ds-Acetone) = (s) -14.8, (septet, Jpr = 707.0Hz) -144.3; °F NMR § (ds-
Acetone) = (d, Jpr= 711.4Hz) -72.6, (s) -75.7; *H NMR § (ds-Acetone) = (quartets, Jur = 7.8Hz)
5.11, (s) 3.83, (s) 3.09; *°C NMR & (de-Acetone) = (d, Jec = 22.7Hz) 156.0, (0, Jcr = 274.8H2)

122.4, (d, , Jpc = 7.6Hz, Jor = 31.7Hz) 30.5, (s) 47.2, (s) 32.2].
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Scheme 1. Staudinger Reaction of 2-azido-1,3-dimethylimidazolinium hexafluorophosphate
(ADMImPF) and phosphines to form PA compounds 1-3.
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Scheme 2. Decomposition Products of Compound 3 after Water Exposure.
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Figure 1. N-organophosphoranimine (PA) structure.
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Figure 2. PA structures of compounds 1-3.
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Figure 3. Potential ionic resonance structures of the imidazolinium PA compounds.
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Figure 4. P-31{*H} NMR Spectra of 1 and PFs (upper left) for 14 days*®
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Figure 5. F-19{*H} NMR Spectra of 1 and HF (upper right) for 14 days*°
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Figure 6. P-31{*H} NMR Spectra of 2, (Oct)sP=0 (upper left) and HF (lower right) for 29 days*°
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Figure 7. F-19{*H} NMR Spectra of 2 and HF (upper right) for 29 days*°
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Figure 8. DSC Trace of PA 1, two thermal cycles from -80 to 250°C
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Figure 9. DSC Trace of PA 2, two thermal cycles from -80 to 95°C
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Figure 10. DSC Trace of PA 3, two thermal cycles from -80 to 95°C
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Figure 11. View of the PA cation, 1 and the PF¢ anion. Hydrogen atoms are omitted. The broken
lines represent the closest interionic contacts. The C---F and N---F distances are 3.121(1) and

3.456(1) A, respectively.




Figure 12. Packing in the crystals of PA 1 as viewed along the b-axis. Hydrogen atoms are

omitted and all atoms are unlabeled for clarity.




Figure 13. View of the cation and anions in PA 2. Hydrogen atoms and the second set of sites for
the four disordered F atoms of the anion are not shown. The broken line represents the shortest

interionic distance. The N---F (N2---F1) distance is 3.163(4) A.




Figure 14. Packing in the crystals of PA 2, a as viewed along the b-axis. Hydrogen atoms and the
second set of sites for the four disordered F atoms of the anion are not shown and all atoms are

unlabeled.




Figure 15. View of the cation and anion in PA 3. Hydrogen atoms and the second set of sites for
the four disordered F atoms of the anion are not shown. The broken line represents the shortest

interionic contact. The N---F (N2---F16) distance is 3.273(9) A.




Figure 16. Packing in the crystals of PA 3, a as viewed along the b-axis. Hydrogen atoms and the
second set of sites for the four disordered F atoms of the anion are not shown. All atoms are

unlabeled for clarity.




Figure 17. View of the cation and anion in 4. Hydrogen atoms and the second set of sites for the
four disordered F atoms of the anion are not shown. The broken line represents the shortest

interionic contact. The N---F (N1---F3) distance is 2.841(6) A.

P1




Figure 18. Packing in the crystals of 4, as viewed along the a-axis. Hydrogen atoms and the
second set of sites for the four disordered F atoms of the anion are not shown. All atoms are

unlabeled for clarity.




Table 1. P-31{*H} NMR Chemical Shifts (& in ppm) of Ionic PAs 1-3 and their respective P-

31{*H} NMR Chemical Shifts of phosphine oxides (relative to 85% HzPOu).

R = OCH,CFs [3] Ph [1] n-Octyl [2]
lonic PA! -14.8 (s) 13.0 (s) 31.7 (s)
RsP=0? -2.8(s) 27.0 (s) 48.5 (s)
This work.

2Ref. [47]



Table 2. PA 1-3 Crystallographic Data.

Compound

Chemical Formula

T,K

A A

space group
a, A

b, A

c, A

B,

v, A

VA

Deatc, Mg m
4, mmt

R1[l > 26(I)]?
wWR2[I > 26(1)]°

R1 = Y|[Fo - [Fell/YJFol; "wR2= {3 [w(Fo® — Fc?)?)/> w(Fo?)?]}

1
CasHzsFeNsP,
150

0.71073
P2i/c
10.2614(2)
17.1198(3)
14.2207(3)
108.6855(10)
2366.52(8)

4

1.458

0.248

0.416

0.579

2
Ca9HeoF6N3sP2
150
0.71073
P2:/c
14.01775)
13.4151(5)
19.2683(7)
103.594(2)
3521.9(2)
4

1.182
0.177
0.0463
0.1165

3
C11H16F15N303P2
150
0.71073
P2i/c
9.3742(15)
24.605(4)
10.7300(16)
115.470(9)
2234(6)

4

1.740

0.338
0.1600
0.2114

4
CsH1oFeN3P
150
0.71073
P2:/n
8.1882(3)
11.3949(4)
11.2514(4)
102.920(2)
1023.22(6)
4

1.682

0.329
0.0467
0.1394



Table 3. Selected Bond Distances (A), Bond Angles (°) and Torsion angles (°) for 1 — 4.

Compound
P1-N1

N1-C1
C1-N2
C1-N3

P-C or P-O
P-C or P-O
P-C or P-O
N1-C1-N2
N1-C1-N3
N2-C1-N3
P1-N1-C1
P1-N1-C1-N2
P1-N1-C1-N3

1
1.5789(9)
1.3100(13)
1.3434(14)
1.3569(13)
1.7977(11)
1.8001(11)
1.8024(11)
130.33(10)
120.11(10)
109.56(9)
141.53(8)
3.6(2)
-175.7(1)

2
1.5890(13)
1.302(2)
1.342(2)
1.357(2)
1.7998(16)
1.7981(16)
1.8037(16)
122.63(14)
128.13(14)
109.12(12)
140.42(12)
-135.2(2)
49.1(3)

3
1.501(6)
1.323(8)
1.316(9)
1.316(9)
1.551(6)
1.549(5)
1.599(6)
121.1(8)
126.9(7)
112.0(6)
144.5(6)
-118.8(11)
64.2(14)

4
1.325(2)
1.327(2)
1.324(2)

123.99(12)
124.42(13)
111.58(12)



Table 4. Bond Distances and Bond Angles from X-ray Crystal Determination data on various

Phosphoranimines along with PAs 1 — 3.

Phosphoranimine

[1]°
[2]°
[3]°
Ph-N=PPhs"
MesSi-N=PPhs ¢
[PhsP=N=PPhs]* CI-¢
[iPr-N(H)=PPhs]* Br ¢
[tBu-N(H)=PPhs]* Br®
[tBu-N(Me)=PPhs]" I ©
[Me3SiN=P(OCH,CF3);<-DMAP]* BF4 '
[MesSiN=P(OCH,CF3),€<PEts]" Br ¢
[MesSiN=P(OCH,CF3),¢PMes]" Br ¢
[MesSiN=PMe, € PEt;]" CF3SO3 ¢
[MesSiN=PMe,<PMes]* Br ¢
2 This work
b Ref. [50]
°Ref. [51]
d Ref. [52]
¢ Ref. [43]

" Ref. [41]
9 Ref. [42]

Bond Distances (A)

C-P
1.800(1)
1.800(2)
1.566(6)
1.808
1.818
1.795
1.784
1.800
1.800

1.793
1.792

P=N
1.579(1)
1.589(1)
1.501(6)
1.603
1547
1598
1.628
1.621
1.646
1.489
1.492
1.479
1.508
1533

N-R'
1.337(1))
1.334(2)
1.318(9)
1.329
1.692

1.690
1.722
1.694
1671
1.696

Bond
Angle (°)

P=N-R'
141.53(8)
140.42(12)
144.5(6)

130.4
138.4
133.1
124.2
129.1
121.3
166.0
158.1
160.9
154.0
144.0
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